Abstract. In this paper a new integrated diagnostic method based on the current Park's Vector modulus analysis and fuzzy wavelet neural network classifier is proposed for the diagnosis of rotor cage faults in operating three-phase induction motors. Detection of broken rotor bars has long been an important but difficult job in the detection area of induction motor faults. The characteristic frequency components of a faulted rotor in the stator current spectrum are very close to the power frequency component but by far less in amplitude, which brings about great difficulty for accurate detection. In order to overcome the shortage of broken rotor bars characteristic components being submerged by the fundamental one in the spectrum of the stator line current, Park's Vector modulus(PVM) analysis is used to detect the occurrence of broken rotor bar faults in our work. Simulation and experimental results are presented to show the merits of this novel approach for the detection of cage induction motor broken rotor bars.
Introduction
Online fault diagnostics of induction motors are crucial to ensure safe operation, timely maintenance and increased operation reliability. As new data processing techniques and new technologies for electrical drives emerge, monitoring, fault detection and diagnosis of electrical machines are becoming more and more important issues in the field of electrical machines.
In past decades, a number of different incipient fault detection methods and schemes have been presented and tested [1, 2] . Special attention has been devoted to non-invasive methods, which are capable to detect faults using measured data without disassembling the machine or its structural parts. Motor Current Signature Analysis (MCSA) is a noninvasive and simple-to-implement detection method that can be used on-line to detect rotor bar failures by examining characteristic harmonic components in the frequency spectrum of the stator current of the motors using Fast Fourier Transformation (FFT) [1] [2] [3] [4] [5] [6] [7] [8] [9] . MCSA fully takes into account the operational conditions of the machines and can be implemented online non-invasively using existing current transducers. However, the validity of this technique relies on the assumption that the characteristic harmonics can be distinguished from the other harmonics. The slip of a usual induction motor under rated condition is small; it is smaller under light load or no load. It means that the characteristic frequency (1±2s)f l of broken rotor bars is very close to the supply frequency f 1 , and the broken rotor bar characteristic components are always submerged by the fundamental component, and it is well known that it is sometimes difficult to filter out the fundamental component and highlight fault characteristics.
Recent efforts in motor current signature analysis (MCSA) are focused on sampling three phase currents simultaneously and converting them to other reference frames to highlight fault characteristics. In Park's Vector approach [5] [6] [7] , three phase currents are converted to stationary reference frame (D, Q) to get components i D and i Q , and the track i D and i Q is related to the type and the extent of fault. The Extended Park's Vector Approach [7] is based on the spectrum analysis of the square of the current Park's Vector modulus. In this way, the spectrum of AC level of the spectrum of the square of the current Park's Vector Modulus is clear from any component at the fundamental supply frequency, making it more useful to detect the components directly related to the motor fault.
Conventional broken rotor bars fault detection schemes merely monitor the sideband sequence component and other higher harmonic components of line current and rely on the mathematical models for symmetrical induction machines, which neglect inherent asymmetries and lead to misdetection [8] . In recent several years, some methods such as parameters estimation and intelligent modeling have been proposed to diagnose fault for induction motors [9] . These methods work correctly under steady state but fail to detect the slowly developing fault under transient state due to the highly complex, non-linear nature of turn fault. Fuzzy wavelet neural network (FWNN) has the ability to achieve nonlinear dynamic mappings with simple structure, rapidly convergence and easily implementation [10] , therefore it can be used to detect broken rotor bar fault in induction motors at various conditions. This paper focuses on fault diagnosis of three-phase squirrel cage induction motors with adjustable speed drive system applications by using a fuzzy wavelet network based system.
Current Park's Vector Modulus Analysis Approach

A two-dimensional representation can be used for describing three-phase induction motor phenomena, a suitable one being based on the stator current Park's vector [6] . As a function of mains phase variables（i a ,i b ,i c ） , the current Park's vector components (i d ,i q ) are:
Under ideal conditions, i.e., when the motor supply currents constitute a positivesequence system, the Park's Vector has the following components:
where "I m ," "ω," and " t" are, respectively, the peak value of the supply phase current (amperes), the angular supply frequency (radians per second) and, finally, the time (seconds). Given these conditions, the current's Park vector modulus is constant [7] .
Broken Rotor Bars Spectral Analysis of the PVM of Motor Current
In the presence of rotor cage faults, such as broken rotor bars, the motor current spectrum will contain sideband components. These additional components at frequencies of (1-2s)f 1 and (1+2s)f 1 will also appear in both of the motor current's Park vector components (i d ,i q ). In fact, in the presence of a rotor fault, motor supply currents can be expressed as:
where I m , I l and I h are the peak values of, respectively, the fundamental supply phase current, the currents lower sideband component at frequency (1−2s)f 1 , and the currents upper sideband component at frequency (1+2s)f 1 , due to the torque oscillations; three angles α, β and r denote the initial phase angle, respectively, for fundamental supply current, the currents lower sideband component and, finally, the currents upper sideband component. 
It is apparent that the spectrum of the current's Park vector modulus is the sum of a DC level, generated mainly from the fundamental component of the motor supply current, and two additional terms, at frequencies of 2sf 1 and 4sf 1 , with no component at the fundamental supply frequency. This simple manipulation will help in identifying the level of the fault, just by rejecting the DC component of the signal and analyzing the AC component.
Broken Rotor Bars Fault Detection Using PVM and FWNN
A schematic diagram of the proposed fault detection strategy based on PVM and FWNN is shown in Fig.1 . Key components of the fault detector are: 1)a data preprocessor and filter by using zoom FFT and harmonic wavelet filter;2)a load torque estimation model using wavelet neural network (WNN), and 3) a fuzzy wavelet neural network model of the steady-state characteristics of a class of induction motors.
Speed Estimation-RSH Approach
When the processing of the motor diagnosis is included in the motor-drive systems, slip frequency is easily obtained from the outputs of speed sensors such as encoders. However, if diagnosis processing is independent of motor-drive systems, slip frequency is gathered only from the stator-current spectra in an MCSA-based diagnosis system. So, effective sensorless speed estimation is desirable for slip frequency detecting. One of the best ways to obtain the information of the slip frequency is to use rotor-slot harmonics (RSHs) as in [11] .The mechanical speed information of an induction machine is embedded in the stator currents. The slots produce a continuous variation of the air-gap permeance in squirrel cage induction motors. During operation, the rotor slot MMF harmonics will interact with the fundamental component of the air-gap flux because of the rotor currents. Therefore, the air-gap flux will be modulated by the passing rotor slots, producing rotor slot harmonics (RSH).
A number of researches have been performed to extract rotor speed from RSH [12] [13] [14] . The induction motor speed ω , can be calculated using RSH at any slip condition from the following expression:
where R is the number of rotor slots and is the number of poles, and v=1, 3, 5, …. Since the rotor slot harmonics are related to the rotor currents, their magnitudes reduce with decreasing load making it difficult to detect RSH. In the absence of detectable RSH, the use of eccentricity-related harmonics has been proposed [15] .
Load Torque Estimation in Induction Motors
In this study, the wavelet neural network approach (WNNs) were applied to estimate torque demanded by the load coupled onto the induction motor shaft. The main objective here is in using wavelet neural networks to estimate load behavior on the motor shaft. The WNN employed in this study are designed as a three-layer structure with an input layer, wavelet layer (hidden layer) and output layer. The topological structure of the WNN is illustrated in Fig.2 , where w jk denotes the weights connecting the input layer and the hidden layer, u ij denote the weights connecting the hidden layer and the output layer.
In this WNN models, the hidden neurons have wavelet activation functions of different resolutions, the output neurons have sigmoid activation functions. A similar architecture can be used for general-purpose function approximation and system identification. The activation functions of the wavelet nodes in the wavelet layer are derived from a mother wavelet
, which represents the collection of all measurable functions in the real space, satisfies the admissibility condition [16] : 
, y j denotes the j th component of the output vector; x k denotes the kth component of the input vector; u ij denotes the connection weight between the output unit i and the hidden unit j; w jk denotes the weight between the hidden unit j and input unit k; a j , b j denote dilation coefficient and translation coefficient of wavelons in hidden layer respectively; L,M, N denote the sum of input, hidden and output nodes respectively.
The network is trained with a hybrid algorithm integrating PSO with gradient descent algorithm in batch way [16] . As a result, the network model in this paper is constructed by using HGDPSO as training algorithm and Morlet mother wavelet basic function as node activation function [16] .The input data of the wavelet neural network are motor speed, RMS current value and voltage. The output to be computed by the wavelet neural network is the load torque. The block diagram of this structure is presented in Fig.2 , which illustrates the input/output relationship involved with the load torque estimation process. From this illustration, it is important to highlight that the type of load is not an explicit input to the wavelet neural network. However, in relation to each implemented simulation, a load type was assumed whose characteristics are implicitly represented by the input parameters of the network (voltage, current, speed), which are simulated from the transient to the steady state. Fault Classifier Using FWNN 
Broken Rotor Bars
Symptoms Analysis and Model-Based Fault Detection
It is required that the model of broken bar faults should reflect the broken bar amount and various locations of broken bars, however, this process is very complicated. As a matter of fact, we often simplify the model. From Section 2, the ratio of additional components of 2sf 1 to the DC component will increase when the rotor bar breakage increases. The ratio of additional components of 4sf 1 to the DC component will increase also. Then, a severity effect factor can be defined as:
where F r is the effect severity rotor fault, I 2sf1 and I 4sf1 is the amplitude of 2sf 1 and 4sf 1 sidebands respectively, and I DC is the amplitude of the DC component of the current's Park vector modulus. From Equation. (7) it is evident that the rotor bar frequencies are a function of the machine slip. The slip can be considered to be one of the symptoms for the diagnosis system of rotor bar broken faults. When the motor is healthy, the stator currents are not fully balanced. This unbalance depends on the load condition. As a result, the load condition should be considered as an indicator for the symptoms of the rotor bar breakage fault. So, when an induction motor is under analyzed, the slip and load condition must be considered, in order to improve the sensitivity and reliability of the diagnosis system. The practical task of induction motor fault diagnosis is to realize mapping between the symptoms and the faults, and this mapping can be implemented by function approximation. Function approximation can be described in mathematical terms as the following:
Where n r is the severity rotor fault, f(x) stands for a continuous real approximate function belonging to set X, F r is the effect severity rotor fault, T e is the load torque, s is the machine slip，ω is the rotor speed, ω 1 is the synchronous speed. There are two ways to solve problems concerning the approximate function. One is the parameter algorithm, that is, to get answers via analytical expression. The other is the nonparameter algorithm. The parameters estimation work correctly under steady state but fail to detect the slowly developing turn fault under transient state due to the highly complex, non-linear nature of turn fault. Fuzzy wavelet neural network (FWNN) has the ability to achieve nonlinear dynamic mappings with simple structure, rapidly convergence and easily implementation [17] , therefore it can be used to detect rotor bar broken fault in induction motors at various conditions. A schematic diagram of the four-layered FWNN is shown in Fig.3 [17] . Nodes in layer 1 are input nodes representing input linguistic variables. Nodes in layer 4 are output nodes representing output linguistic variables. Nodes in layer 2 are term nodes that act as membership functions. Each membership node is responsible for mapping an input linguistic variable into a possibility distribution for that variable. Thus, together all the layer 3 nodes formulate a fuzzy rule basis. Links between layers 3 and 4 function as a connectionist inference engine. The rule nodes reside in layer 3. The semantic meaning and function of the neurons in the proposed fuzzy neural network are as follows. A detailed description of neurofuzzy systems can be found in [17] . In general, a good learning algorithm must have fast learning as well as good computational capacity and generalization capacity. Here, the gradient descent (GD) learning algorithm with adaptive learning rate is introduced [17] . The adaptive learning rate guarantees the convergence and speeds up the learning. The task of the learning algorithm for this architecture is to tune all the modifiable parameters, namely wavelet node parameters, a, b and FWNN weights, w ij , to make the FWNN output match the training data, the cost function can be written as:
Broken Rotor Bars Fault Classifier Using FWNN
where D is the desired output acquired from specialists, and Y is the FWNN's current output. For the multi-output case, Y=[y 1 , y 2,…, y n ].
Simulation and Experimental Study
Test-Bed Description
A special test bed has been designed in order to validate the proposed analytical expression of the stator current frequency components for the three-phase induction machine. The test bed has voltage (JSJW-6) and current (LZX-10) sensors connected to the same data acquisition board (PCI-1713) through voltage amplifiers to scale the magnitude and low-pass antialiasing filters to set the frequency bandwidth to a correct range (Fig.4) .
The induction machine used in experimental tests was a three-phase, type Y100L2-4, 50 Hz，2-pole,3kW，rated at 380 V，6.82A，and 1420 rpm, driving a large DC motor via a flexible coupling. The DC motor acted as a generator and its power output was dissipated in a variable resistor bank. The characteristics of the 3-phase induction motor used in our experiment are listed in Table 1 . With the proposed experimental setup, the first objective is to validate the stator current harmonic analysis, at rated load in healthy conditions and under rotor faults. Several measurements were made, in which the stator current waveform was acquired for a given number of broken rotor bars. Current measurements were performed for a healthy motor and also for the same machine with different number of broken rotor bars. Fig.5 shows elliptic pattern of an asynchronous motor used in the experimental investigation. Fig.5(b) shows the elliptic pattern of the current Park's Vector of the motor with healthy. Fig.5(c) shows the elliptic pattern of the motor with one broken rotor bar. We can learn from the two figures that the elliptic pattern of the motor with one broken rotor bar itself in the deformation of the current Park's vector pattern corresponding to a healthy condition. But the deformation is too slightly to judge the extent of the broken rotor bars.
Fig. 4. Test bed used for experimental results
Signal Processing for Diagnosis
Just as showed in Fig.6 , Fig.6(a) shows the spectrum of the square of the Park's Vector modulus of the motor with healthy, at the same time, Fig.6(b) shows the spectrum of the motor with one broken rotor bars. Fig.6(c) shows the spectrum of the motor with two broken rotor bars. Fig.6 (d) shows the spectrum of the motor with nine broken rotor bars. We can learn from these figures that the spectrum of the motor with broken rotor bars has a stick up obviously in the 2ksf 1 components, so we can judge the broken of the motor.
As comparison between Figures6 (a), (b) (c) and (d) shows that the components at 2sf 1 and 4sf 1 have increased respectively with the broken rotor bar increased. The results obtained show that there is an increase in the value of the components at 2sf 1 and 4sf 1 with the extension of the fault, making it a good indicator about the condition of the machine, these components can be used as the severity indicator of broken rotor bars. 
Feature Extraction
The feature extraction of the signal is a critical step in any monitoring and fault diagnosis system. Its accuracy directly affects the final monitoring results. Thus, the feature extraction should preserve the critical information for decision-making. In this paper, the statistical information of time-base data and frequency-base data were used for obtaining the feature information from the measured signals. As regards the amplitude of these current Park's Vector modulus sidebands, they depend on three factors: the motor's load inertia, the motor's load torque, and the severity of the fault (See Table. 2).
When there are broken or even fissured bars, as it was theoretically and experimentally predicted, side bands reveal faults more clearly with high values of slip. Then it is recommended that the diagnosis were carried out with the motor running near its nominal load.
The final membership functions for the severity effect factor, slip ratio, and load torque are given in Fig.7 to Fig.9 for the FWNN system. The linguistic values of the slip ratio can be 'very small','small', 'medium', 'large', or 'very large' (labeled as VS, S, M, L and VL respectively), denoting the heavy, medium and light slip ratio conditions, respectively. Morlet wavelet function is chosen as the membership functions for these five fuzzy sets (shown in Fig. 7 ). The linguistic values of the load toque can be 'very small','small', 'medium', 'large', or 'very large' (labeled as VS, S, M, L and VL respectively), denoting the heavy, medium and light load conditions, respectively. Morlet wavelet function is chosen as the membership functions for these five fuzzy sets (shown in Fig. 8 ).
The linguistic values of the severity effect factor can be 'very small','small', 'medium', 'large', or 'very large' (labeled as VS, S, M, L and VL respectively), denoting the heavy, medium and light the severity effect factor conditions, respectively. Morlet wavelet function is chosen as the membership functions for these five fuzzy sets(shown in Fig. 9 ).
Fault Classification Using FWNN
Once the fuzzy wavelet neural network based motor fault detection system has been initialized, it is to be trained for motor faults by actual motor data. Through training, the system will modify the fuzzy membership functions and fuzzy rules based upon the input data and its initial fault detection heuristic knowledge through the fuzzy wavelet neural network based fault detector network weights. These modifications made by the system will provide valuable heuristic information about the actual form of the fuzzy membership functions and the validity of the fuzzy rule base, as well as providing the exact fault detection results. At the end of the training period, when all of the operating conditions have been learned and classified, the network is switched to a fault sensing mode. When a spectral signature falls outside the trained clusters, it is tagged as a potential motor failure. Since a fault condition is not a spurious event but continues to degrade the machine, the postprocessor alarms the user only after multiple indications of a potential failure have occurred. In this way, the time history of the machine is incorporated into the monitoring system and protects the fuzzy wavelet neural network from alarming on random signals that have been incorrectly identified.
The results obtained with the Fuzzy systems can be seen in the second (T e ),third (F r ) and forth (f 1 ) column of Table 3 and corresponding values for the output variable nr is shown in the forth column. From these results it can be concluded that the Fuzzy systems can reliable detect whether the induction motor contains broken bars and reliable predict the number of broken bars. 
Conclusions
The paper described a system for broken bar detection of induction machine based on Park's Vector modulus and Fuzzy Wavelet Network. In order to overcome the shortage of broken rotor bars characteristic components being submerged by the fundamental one in the spectrum of the stator line current, Park's Vector modulus analysis is used to detect the occurrence of rotor faults in our work. The system was implemented and tested using a prototype having different number of broken bars in the rotor. Based on the results obtained with the systems it can be stated that the current Park's Vector modulus analysis and Fuzzy Wavelet Network based system developed for the broken bar detection proven to be are in good agreement with the practice, as it is capable to detect the correct number of rotor broken bars.
